Introduction
The structure that B 2 H 6 adopts in its electronic ground state and most stable conformation contains two bridging B-H-B bonds, and four terminal B-H bonds. Although Bauer, from experiments with the electron diffraction of gaseous samples in the laboratory of Pauling and Brockway, favoured a structure of diborane(6) with a central B-B bond analogous to that of ethane, 1 Longuet-Higgins deduced the bridged structure for diborane (6) largely from the infrared spectra of gaseous samples, and correctly predicted the structures of other borohydrides.
2,3 Subsequent measurements of diborane (6) and other boron hydrides using X-ray diffraction were consistent with such bridged structures in the solid phase;
4 as the structures of other boron compounds B 2 F 4 and B 2 Cl 4 (ref. 5) in the crystalline phase differ from those of the free molecules, this crystal structure of B 2 H 6 is not necessarily applicable to molecules in the gaseous phase. Since this work to characterize boron hydrides, other molecular species with bridging hydrogen atoms have been detected and proposed. 6 The B-H-B linkage in these compounds is considered to be an atypical electron-decient covalent chemical bond.
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According to calculations, diborane species possessing less than 6 hydrogen atoms and bridging B-H-B bonds can exist, [8] [9] [10] [11] [12] [13] but all possible candidates are transient species, difficult to prepare and to identify. Since the pioneering work involving absorption spectra of samples at temperatures less than 100 K, 14, 15 many free radicals and other unstable compounds dispersed in inert hosts have been detected. [16] [17] [18] [19] [20] Investigations of transient boron species using the matrixisolation technique have been reported. [21] [22] [23] [24] [25] For instance, reactions of H 2 with boron atoms evaporated with a pulsed laser and condensed in excess argon at 10 K yielded products such as BH, (H 2 )(BH) complex, BH 3 , (H 2 )(BH 3 ) complex, HBBH and B 2 H 6 , identied from infrared absorption spectra. 23 The irradiation of samples of B 2 H 6 diluted in neon or argon at 4 K with light at 16.8 eV followed by X-rays and electrons at 50 eV enabled the detection of BH 2 , BO, B 2 and HBBH through electron-paramagnetic-resonance spectra, 24 but no neutral boron hydride species with less than six H atoms and a bridging B-H-B bond has been experimentally identied before our work.
When we irradiated diborane(6) dispersed in neon at 3 K with far-ultraviolet light, we recorded many new lines in the infrared absorption spectra and ultraviolet emission and absorption spectra. Among the infrared lines, a set with common properties of growth and decay was characteristic of a carrier containing two boron atoms, which we identied as diborane (4) Results and discussion
Our experiments involved the photolysis of diborane (6) dispersed in solid neon with far-ultraviolet light from beamline BL21A2 in the National Synchrotron Radiation Research Center (NSRRC). [26] [27] [28] Upon irradiation of a sample with light in the wavelength range of 120-220 nm, the intensity of all infrared absorption lines of diborane (6) in all samples at 3 K decreased uniformly and continuously, but with a rate decreasing with an increasing duration of irradiation; the extent and rate of depletion, and the particular new lines appearing aer photolysis, depended on the selected wavelength.
For a sample with B 2 H 6 /Ne ¼ 1/1000 deposited as a lm at 3 K, the absorption spectrum in the range of 115-220 nm is presented in Fig. S1 of the ESI; † this spectrum was recorded on beamline BL03. 29, 30 The most intense feature of this ultraviolet spectrum has maximum absorption at 122.6 nm; the irradiation of solid B 2 H 6 /Ne ¼ 1/1000 at this wavelength produced many new lines in the infrared absorption spectrum, listed in Table S1 in the ESI. †
In other experiments, we varied the molar ratio of the diborane(6) precursor to the neon dispersant from 1 : 100 to 1 : 10 000; we varied also the wavelength of the intense light, continuously tunable from the synchrotron source, and recorded the infrared absorption spectra aer successive periods of 10, 30, 60, 300, 600, 1800, 1800, 3600, 3600 and 7200 s of irradiation of the sample at the selected wavelength. Of these new lines, some are directly assigned to known species on the basis of published data, including BH, 23 Table S1 ; † for the other lines, the variation of their relative intensities according to the varied wavelength of excitation and curve of growth enabled their assignment to a distinct carrier, as indicated in Table 1 . The emission and absorption spectra in the 200-1000 nm region recorded concurrently with photolysis showed evidence for the production of BH, 31 Fig. S2 and S3 in the ESI †). From precursor B 2 H 6 , one group of new infrared absorption numbers in seven distinct sets implies the presence of a carrier containing at least ve atoms. Our sample of diborane contains boron in its natural abundance, so with two isotopic variants, 10 B and 11 B, with a 11 B : 10 B ratio about 4. We count as a set two or three closely spaced lines that exhibit the same intensity behaviour and likely arise from boron isotopes within the same carrier. The pattern of absorption at particular locations, which Calc. Calc. or from our analogous calculations (see ESI †), we exclude the possibility of B 2 H 3 being the carrier of this spectrum. Fig. 1 and 2 show the infrared spectra aer photolysis in selected regions exhibiting the features attributed to B 2 H 4 .
To provide additional evidence for our assignments, we undertook new quantum-chemical calculations of the harmonic and anharmonic vibrational motions of diborane(4) in its fundamental modes with the Gaussian 09 program, B3LYP method and 6-311++G** (B3LYP/6-311++G**) basis set, as listed in Table 1 . The geometry of diborane (4) was analyzed using the natural-bond-orbital (NBO) method. Fig. 3 displays the calculated structural parameters of diborane(4) with point group C 2v symmetry; as indicated, the structure contains two bridging B-H-B bonds and likely a B-B bond.
The results of these calculations for B 2 H 4 provide the wavenumbers for vibrational modes, from both the scaled harmonic and anharmonic calculations, in sets consistent with the selected new lines in the spectrum. The correspondingly calculated wavenumbers for B 2 D 4 from precursor B 2 D 6 are likewise consistent with the absorption lines for ve vibrational modes of B 2 D 4 with the same structure, as presented in Table 1 , Fig. 4 and 5. For some vibrational modes, the features were too weak for observation of the entire triplet due to the boron isotopes; the more dominant carriers containing 11 Table 1 is based on the correlation with the modes corresponding to point group C 2v . Fig. 1 , 2, 4 and 5 not only show the experimental spectra in selected regions but also the simulations of pertinent regions based on the calculated anharmonic wavenumbers and the calculated harmonic intensities presented in Table 1 . The intensities are unavailable for the anharmonic calculations. The wavenumbers of the features in the simulated plots are slightly shied from their values, as stated in Table 1 , to correlate directly with the experimental features.
Among the many new lines that appeared in the infrared absorption spectra, it is important to emphasize that the lines listed in Table 1 that are attributed to the new species diborane(4) as a result of the photolysis of precursor B 2 H 6 are distinguished from the other lines due to experimental evidence. For instance, the temporal dependence of their intensity has a common rate of increase during the photolysis, as shown in Fig. S4 in the ESI, † distinct from the temporal dependence of the other lines. The rate of production of the lines attributed to diborane(4) matches the rate of depletion of the respective precursor diborane(6), indicating that diborane(4) is likely a primary photochemical product. Also, during an annealing operation in which the temperature of a sample of neon containing remaining diborane(6) and various products aer the photolysis or secondary reactions was raised to 8 or 9 K for 10 to 20 min and then recooled to 3 K, the intensities of the lines associated with diborane(4) in the subsequent spectra were slightly enhanced, whereas the intensities of the other lines decreased. Furthermore, the threshold of the production of lines due to diborane(4) was about 180 nm, whereas the other product lines appeared upon photolysis at 200 or 220 nm, for instance the lines at 2686.1 and 2693.1 cm À1 assigned to B 2 H 2 .
A crucial aspect of this experimental discovery of diborane (4) is the nature of the molecular conformation or structure. For diborane (6) , the original idea was that its structure was analogous to that of ethane; the results of the rst experiments on electron diffraction were interpreted as being consistent with that structure, 1 whereas further experiments of the same type directly conrmed the doubly bridged structure. 40 The standard enthalpy of formation of gaseous diborane in its stable bridged structure, DH f , is endothermic by 41 kJ mol À1 ; no value is reported for the hypothetical unbridged structure because calculations fail to indicate such a stable conformation: from an initial structure analogous to that of ethane, the energy decreases monotonically toward dissociation into two stable, planar BH 3 molecules. Our calculations for DH f of B 2 H 4 in the doubly bridged structure (207 kJ mol À1 ) and in the unbridged structure (220 kJ mol À1 ) differ by only 13 kJ mol À1 , which might be comparable with an uncertainty in the calculations due to the nature of the basis sets or with various approximations; in any case, the fact that the doubly bridged structure is calculated to be slightly more stable is consistent with our experimental results, and lends condence to the vibrational wavenumbers calculated on that basis (see ESI †). The latter values, for either the scaled harmonic wavenumbers or the anharmonic wavenumbers, exhibit signicant differences with the measured wavenumbers of the selected lines, even though the pattern of the wavenumbers is similar; in most cases these differences are larger than the expected shis between the values for diborane(4) molecules dispersed in solid neon and the values expected for the respective free molecules in the gaseous phase; the molecules in the solid phase are in an uncertain and variable environment depending on the neighbouring atoms or molecules. These differences between the observed and calculated wavenumbers are typical of such calculations, and by no means invalidate the conclusion on the general similarities of the patterns of the corresponding experimental and calculated values for the various vibrational modes. Many calculations of neutral and ionic B 2 H 4 have appeared in the literature; 8-13 among these results, neutral and ionic diborane(4) species having structures containing bridging B-H-B bonds have been proposed. The B 2 H 4 + cation was detected aer photoionization in a mass spectrometer, 41 but neutral B 2 H 4 has not previously been directly observed experimentally; our vibrational wavenumbers calculated for B 2 H 4 t our recorded spectra better than those calculated for B 2 H 4 + (see ESI †), and there is no evidence for the production of molecular ions under our experimental conditions. Shoji et al. reported the isolation of a terminally disubstituted diborane(4) compound, stabilized by bulky groups, such as 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl (Eind) groups.
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The frame of the molecular structure of this substituted diborane(4) was proposed to be doubly hydrogen-bridged and of a buttery shape, similar to that seen in Fig. 3 ; this structure was determined by X-ray crystallography and NMR spectra. The crystal is stable near 295 K for more than one year in the absence of air. The bulky Eind groups might well stabilize the structure of the EindB(m-H) 2 BEind (m-H indicates the bridging H atom) in a particular form, whereas diborane(4) lacks those spatial constraints and can exhibit the natural structure of a boron hydride. Our observation and identication of neutral B 2 H 4 from the photolysis of diborane(6) dispersed in solid neon near 3 K at 122.6 nm hence make it a new prototype for a simple species with bridging B-H-B bonds. The apparatus for this work is described elsewhere. 27-29 A gaseous sample, mixed well, containing diborane(6) and neon in great excess was deposited on a KBr window cooled to 3 K in a closed-cycle cryostat (Janis RDK-415), which was evacuated to less than 1.3 Â 10 À6 Pa with a turbomolecular pump backed with a scroll pump. This cryostat was situated on the plate of a differential rotary-seal stage of which the rotatable angle is 360 .
The KBr window can thus be rotated freely to face the deposition, photolysis or detection ports. The infrared absorption spectra were recorded in transmission through a sample at various stages of the experiments with an interferometric spectrometer (Bomem, DA8, KBr beamsplitter and HgCdTe detector cooled to 77 K) from 450 to 4000 cm À1 with resolution 0.5 cm À1 . Ultraviolet and visible absorption and emission were analyzed with a monochromator (iHR320). The dispersed ultraviolet and visible light was detected with photon detectors of two types, either a photomultiplier tube (Hamamatsu R928, photon-counting mode) or a charge-coupled detector (1024 Â 256 pixels, Horiba Symphony II, image mode). The entrance slit at width 0.5 mm produced a resolution about 0.2 nm with CCD detection. Before and aer the irradiation of the sample for cumulative periods from 0.5 to 12 h in a programmed sequence, we recorded, at each stage of the experiment, the infrared absorption, ultraviolet and visible absorption and emission spectra. The difference spectra, dened as the absorbance curve aer irradiation of a sample with far-ultraviolet light for some period minus the absorbance curve before irradiation, emphasized the variation of the chemical composition resulting from the photolysis.
Precursor B 2 H 6 or B 2 D 6 (Voltaix, chemical purities B 2 H 6 99.99% and B 2 D 6 99.8%) was received as 10% in He.
Conclusion
The irradiation of diborane(6) dispersed in solid neon at 3 K with tunable far-ultraviolet light from a synchrotron yielded infrared absorption lines in a set that had similar conditions of growth and decay and that indicated a carrier containing two boron atoms. According to isotope effects involving both boron -10 B, 11 B -and hydrogen -H, D -the new species was assigned as diborane (4), i.e. B 2 H 4 , possessing two bridging hydrogen atomic centres between the two boron centres, consistent with the results of quantum-chemical calculations of the vibrational wavenumbers. Our work thus established a new prototype, diborane(4), for bridging B-H-B bonds in a molecular structure, a derivative of which, with bulky terminal substituents, has already been characterized.
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